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Abstract
A novel barium silicon phosphide was synthesized and characterized. Ba2Si3P6 crystallizes in the
noncentrosymmetric space group Pna21 (No. 33) and exhibits a unique bonding connectivity in the Si–P
polyanion not found in other compounds. The crystal structure is composed of SiP4 tetrahedra connected
into one-dimensional double-tetrahedra chains through corner sharing, edge sharing, and covalent P–P
bonds. Chains are surrounded by Ba cations to achieve an electron balance. The novel compound exhibits
semiconducting properties with a calculated bandgap of 1.6 eV and experimental optical bandgap of 1.88 eV.
The complex pseudo-one-dimensional structure manifests itself in the transport and optical properties of
Ba2Si3P6, demonstrating ultralow thermal conductivity (0.56 W m–1 K–1 at 300 K), promising second
harmonic generation signal (0.9 × AgGaS2), as well as high laser damage threshold (1.6 × AgGaS2, 48.5
MW/cm2) when compared to the benchmark material AgGaS2. Differential scanning calorimetry reveals that
Ba2Si3P6 melts congruently at 1373 K, suggesting that large single crystal growth may be possible.
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ABSTRACT: A novel barium silicon phosphide was synthesized and characterized. Ba2Si3P6 crystallizes in the non-centrosym-metric space group Pna21 (No. 33) and exhibits a unique bonding connectivity in the Si-P polyanion not found in other com-pounds. The crystal structure is composed of SiP4 tetrahedra connected into one-dimensional double-tetrahedra chains through corner sharing, edge sharing, and covalent P-P bonds. Chains are surrounded by Ba cations to achieve an electron balance. The novel compound exhibits semiconducting properties with a calculated bandgap of 1.6 eV and experimental op-tical bandgap of 1.88 eV. The complex pseudo one-dimensional structure manifests itself in the transport and optical proper-ties of Ba2Si3P6, demonstrating ultra-low thermal conductivity (0.56 W m-1 K-1 at 300 K), promising second harmonic genera-tion signal (0.9×AgGaS2), as well as high laser damage threshold (1.6×AgGaS2, 48.5 MW/cm2) when compared to the bench-mark material AgGaS2. Differential scanning calorimetry reveals that Ba2Si3P6 melts congruently at 1373 K, suggesting that large single crystal growth may be possible. 
Introduction Ternary tetrel-pnictides exhibit a diverse structural chemistry leading to fascinating properties. For example, an incorporation of Li or Na into the interlayer space of binary tin phosphides and arsenides resulted in unexpected ther-mal and superconducting properties.1-3 NaSn2As2 and Na1-
xSn2P2 were shown to be superconductors at 1.3 K and 2.0 K respectively, revealing that Sn2Pn2 layers may be a basic lay-ered building block exhibiting superconducting proper-ties.2,3 In ternary phases, tin atoms are octahedrally coordi-nated similar to the tin coordination in binary pnictides Sn4P3, Sn4As3, and Sn3P4.4 Pnictides of lighter tetrels have different structural chemistry due to the tetra-coordinated nature of Si and Ge. Binary tetrel-pnictides, Tt-Pn (Tt = Si, Ge; Pn = P, As) phases are composed of layers with either 
TtPn or TtPn2 stoichiometry.5-10 In both cases, the layers are terminated by the pnictogen element which is covalently bonded to three neighbors and has an electron lone pair pointed towards the electron lone pairs on pnictogen atoms terminating neighboring layers. The repulsion of the elec-tron lone-pairs is responsible for the two-dimensional crys-tal structure with weak van der Waals type interactions be-tween the layers. The binary tetrel-pnictides have been con-sidered for numerous potential applications in batteries, thermoelectrics, photovoltaics, field-effect transistors, and infrared photodetectors.4,11-20  
Ternary tetrel-pnictides where the Tt-Pn polyanion is modified through interactions with electropositive cations exhibit diverse structural chemistry which further expand the range of potential applications. The versatility in bond-ing in the polyanion results in crystal structures with differ-ent dimensionality ranging from 0D (Li8SiP4, AE4TtP4; AE = Ca, Sr, Ba; Tt = Si, Ge), 1D (K2SiP2, Ba4Si3P8, Ca3Si2P4), 2D (LiGe3As3, Li3Si7As8, Ca2Si2P4, NaGe6As6, Ba3Si4P6), and 3D (Li2SiP2, MgSiAs2, Mg3Si6As8, AE2SiP4; AE = Sr, Eu, Ba).13,21-28  One potential application of ternary tetrel-pnictides is in-frared non-linear optical materials, where the non-centro-symmetric crystal structure is a prerequisite coupled with a suitable bandgap, high laser damage threshold, good chem-ical and thermal stability, and moderate mechanical prop-erties, such as hardness.29-35 This field is dominated by late- and post-transition metal chalcogenide materials.32-39 Be-sides scarcity and toxicity of metals such as Ge, Cd, and Hg, the metal-chalcogen bonds are polar and have only moder-ate strength thus limiting the materials applications. The global aim of our work is to find materials with stronger co-valent bonding between earth-abundant elements, such as Si and P. Synthesizing non-centrosymmetric phases is no straightforward task, however analysis of the reported compounds in AE-Tt-Pn systems (AE = alkaline-earth metal) reveals that a large fraction of ternary tetrel-pnictides crys-tallize in non-centrosymmetric structures.21,23,24,27 We 
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hypothesized that the repulsion of the electron-lone pairs located on pnictogen atoms is responsible for such unusu-ally high abundance of non-centrosymmetric compounds. Typically, AE-Tt-Pn compounds are electron-balanced with bandgaps suitable for infrared applications. We verified our hypothesis by studying the ternary Mg-Si-As system where no phases were experimentally reported and found two new non-centrosymmetric compounds, Mg3Si6As8 and MgSiAs2.27 The latter is a promising non-linear optical ma-terial with a second harmonic generation signal and laser damage threshold comparable to state-of-the art material, AgGaS2. Using less toxic and more abundant P instead of As should strengthen the covalent interactions in the silicon-pnictide polyanion leading to higher stability, correspond-ing to a higher laser damage threshold. Our search has re-sulted in the novel phase Ba2Si3P6 which crystallizes in the non-centrosymmetric Pna21 space group (No. 33) with a suitable bandgap for infrared second harmonic generation. In this work we report on the synthesis, crystal and elec-tronic structure, transport, and optical properties of Ba2Si3P6. 
Experimental All handling of materials was done in an argon filled glove box with O2 levels < 0.5 ppm. The starting materials were metallic Ba (Sigma Aldrich, 99.9%), Si powder (Alfa Aesar, 99.99%), and red P powder (Alfa Aesar, 98.9%). A single crystal of Ba2Si3P6 was first obtained from a sample of nom-inal composition “BaSi6P8” which was heated to 1223 K over 17 hours and annealed for 48 hours. Near single phase sam-ples of Ba2Si3P6 were prepared by loading a stoichiometric ratio of the elements in carbonized silica ampoules (Figures S1 and S2). Ampoules were evacuated, and flame sealed. The ampoules were then heated in a muffle furnace to 1273 K over 10 hours and annealed at this temperature for 72 hours. The resulting product was a metallic gray chunk which turned red upon grinding into powder. Ba2Si3P6 is highly-moisture sensitive and moderately air-sensitive. Degradation is detected by powder X-ray diffraction after 30 minutes of humid air exposure, but only slight back-ground increase was observed for sample stored 3 days in a desiccator (Figure S3). Further experimental details regard-ing characterization methods can be found in the Support-ing Information. 
Results/Discussion Ba2Si3P6 crystallizes in the non-centrosymmetric ortho-rhombic space group Pna21 (No. 33) with cell parameters a = 9.6272(4) Å, b = 9.1437(4) Å, and c = 11.9261(6) Å. Details regarding data collection, refinement parameters, and crys-tal structure for Ba2Si3P6 can be found in Tables S1-S4. The crystal structure is composed of double-tetrahedra Si-P chains running along the [100] direction surrounded by Ba cations (Figure 1). Each chain is built from SiP4 tetrahedra which are interconnected through corner sharing, edge sharing, and covalent P-P bonds (Figures 1 and 2D). Ba2Si3P6 contains distorted SiP4 tetrahedra with angles ranging from 95.7-120° (Table S4), however stronger tetrahedral distor-tion was reported for another 1D compound in this system, Ba4Si3P8.23 The Si-P bonds in Ba2Si3P6 range from 2.210(2)–2.309(2) Å (Table S3), typical of Si-P bonds.22-24,26,28,40-42 
Similarly, the P-P interatomic distance of 2.200(2) Å is typ-ical for single covalent P-P bonds.23,43-46 Assuming a coordi-nation sphere of 3.5 Å, the Ba atoms are six or eight-coordi-nated with P, with Ba-P distances of 3.19–3.48 Å, which are in good agreement with other reported binary and ternary Ba phosphides.21,40,43,44 Several ternary silicon phosphides with different 1D pol-yanions have been reported, such as K2SiP2, Ca3Si2P4, and Ba4Si3P8.22-24 The chains of these compounds are shown in Figure 2, along with the chains in Ba2Si3P6. The most sim-plistic chains are built from edge-shared SiP4 units, as seen in K2SiP2 (Figure 2A).22 Such 1D chains can increase in com-plexity if Si-Si bonds are introduced, as seen in Ca3Si2P4 (Fig-ure 2B).24 The zigzag chains in the structure of Ca3Si2P4 are formed by Si2P6 units which are connected through sharing of two edges per Si2P6 unit.24 This type of bonding scheme is also common in binary 2D tetrel pnictides, like SiP.5-9 The complexity of chains can be further increased through in-troduction of corner sharing and P-P covalent bonding, as in Ba4Si3P8 and title compound Ba2Si3P6. (Figures 2C and 2D).23  
 
Figure 1. Crystal structure of Ba2Si3P6: (top) a general view, (bottom) a projection down [010]. Ba: cyan; Si: grey; P: red; SiP4: grey tetrahedra. Although the chains of Ba4Si3P8 and Ba2Si3P6 are both formed through corner- and edge-sharing tetrahedra, as well as P-P bonding, the chains are drastically different. The connectivity in the chains of both structures can be de-scribed by three repeating tetrahedra (Figures 2C and 2D). 
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The Si-P chain in Ba4Si3P8 can be described as two tetrahe-dra (labeled 2 and 3 in Figure 2C) sharing an edge and con-necting through a P-P bond. In addition, one of the edge sharing P also forms a P-P bridge to a tetrahedron 1, which is corner-shared with tetrahedron 2, and a tetrahedron 3 from a different 2-3 pair (Figure 2C). The remaining P cor-ner of tetrahedron 1 is pointed towards Ba atoms.  
 
Figure 2. Bonding schemes found in 1D ternary silicon phos-phide polyanionic chains: A) edge sharing, B) edge sharing and Si-Si bonding C) and D) edge sharing, corner sharing, and P-P bonding. For C) and D) individual tetrahedra and repeating units are highlighted. Cations are not shown for clarity.  Si-P chains in the Ba2Si3P6 structure can also be described as having two tetrahedra which share an edge (labeled 1 and 3 in Figure 2D). One of these shared P atoms is also shared as a corner with tetrahedron 2. The remaining four corners of tetrahedra 1 and 3 are all engaged in corner shar-ing with other tetrahedra. Covalent P-P bonds are formed through a shared corner of tetrahedra 1 and 3 which is linked to a corner of tetrahedron 2. The three tetrahedra of Ba2Si3P6 can be thought of as a single unit, which is repeated two different ways within the chain. This pattern is high-lighted as blue and green triangles in Figure 2D. While the Ba2Si3P6 and Ba4Si3P8 structures contain the same types of SiP4 connectivity, one key difference is that all P atoms in Ba2Si3P6 are involved in inter-tetrahedra connectivity, while 
in Ba4Si3P8 one P position is not involved, similarly to half of the P atoms in the chains of K2SiP2 or a third of the P atoms in the chains of Ca3Si2P4.22-24 Ba2Si3P6 has the Wyckoff sequence a11, space group Pna21, and Pearson symbol oP44. There are several different com-pounds with the same Wyckoff sequence, however none contain the complex chains found in Ba2Si3P6, suggesting this to be a new structure type. Ternary compounds with the same Wyckoff sequence include Sr2P2O7 and Eu2Si2O7 which contain isolated P2O7 and Si2O7 units (corner sharing tetrahedra) respectively.47,48 Another example is Rb4Al2S5 which is more structurally related. This phase contains AlS4 tetrahedra which are connected through edge- and corner- sharing to form 1D chains, but no S-S covalent bonds.49 Due to similarity in scattering factor, initial Si and P posi-tions were assigned based on the analysis of coordination number. In a subsequent refinement each position was as-signed as P and as Si separately, and in both cases the occu-pancy was refined. It was determined that the initial assign-ment based on coordination number was correct, resulting in smaller than 4 e.s.d from 100% occupancy for the correct atom type, compared to the > 5 e.s.d. for the opposite atom type. Furthermore, energy dispersive X-ray spectroscopy (EDS) on a cold pressed pellet of Ba2Si3P6 suggests a sample composition with a Ba:Si:P ratio of 2.4(1):3.0:5.8(1). EDS re-sults are often skewed in compounds containing heavy and light elements. However, the ratio of light elements, Si:P = 1:1.9(1), agrees well with the single crystal refinement, Si:P = 1:2.  XPS analysis of a sintered pellet of Ba2Si3P6 sample shows that the Ba3d5/2 binding energy is 779.7 eV, which is con-sistent with ionic Ba2+ compounds such as BaS (Figure S6).50 For Si, a broad asymmetric peak is observed, which can be deconvoluted into two components. The main contribution to the Si peak, with binding energy of 102.3 eV, is typical of silicates and is attributed to surface oxidation of the sample, while the lower binding energy (9% of Si peak) of 100.6 eV is characteristic of elemental silicon or covalently bonded Si, as in SiC, which is from the pristine sample.50,51 The P spectrum clearly has two peaks with the higher binding en-ergy of 132.9 eV typical for phosphates.50,52 This is at-tributed to surface oxidation of the sample, while the lower binding energy at 130.1 eV is assumed to be from pristine sample as this is typical for covalently bonded P, as in GaP and InP.50 The pristine P species corresponds to 45% of the overall intensity of P peak. The partial Si and P surface oxi-dation is confirmed by the presence and binding energy of the O1s peak.50 Furthermore, comparing the intensities of pristine Si and P components, taking into account corre-sponding cross-sections, the Si:P ratio is 1:1.9, which is in good agreement with single crystal and EDS results for Ba2Si3P6. Similar surface oxidation of air-stable phosphides Si130P42Te21.5 and NiP2 were reported.51,52 The complex chain structure of Ba2Si3P6 suggests that this material may exhibit low thermal conductivity due to alter-nating covalent and ionic bonding across the structure. Thermal transport properties of Ba2Si3P6 were measured using sintered 5 mm ∅ pellet with 95% geometrical density.  
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Figure 3. Thermal conductivity (top), thermopower (middle), and electrical resistivity (bottom) of Ba2Si3P6. Thermopower is shown down to 100 K, below this temperature the measure-ments become unreliable due to too high resistivity. Ba2Si3P6 exhibits thermal conductivity temperature de-pendence which is typical for crystalline materials with a peak at 40 K and steady decrease at higher temperatures. The room temperature thermal conductivity is 0.56 W m-1 K-1 at 300 K (Figure 3 top). Due to high resistivity, the elec-tronic contribution to the thermal conductivity is negligible, below 0.01%, and the observed values correspond to pre-dominantly lattice thermal conductivity. Such ultra-low thermal conductivity may stem from overall complexity of the crystal structure with alternating regions of covalent and ionic bonding as revealed by ELF and COHP analyses 
(vide infra). Thermal conductivity of 0.56 W m-1 K-1 at 300 K is comparable to that of state-of-the-art thermoelectric ma-terials, such as Yb14MnSb11 (0.7 Wm–1K–1 at 300 K), Bi0.5Sb1.5Te3 (~0.7 Wm–1K–1 at 300 K), [010] direction of the SnSe single crystal (0.7 Wm–1K–1 at 300 K), Zn8Sb7 (0.6 Wm–1K–1 at 400 K), Ba8Cu14Ge6P26 (0.77 Wm–1K–1 at 300 K), and LaxBa8-xCu16P30 (~1.1 Wm–1K–1 at 400 K).53-58 Ba2Si3P6 dis-plays a relatively low absolute value of Seebeck coefficient (−30 µV/K at 300 K) and high resistivity (83 Ωm at 300 K) (Figure 3 middle and bottom). The negative nature of the Seebeck and temperature dependence of resistivity suggest Ba2Si3P6 to be a n-type semiconductor. The overall thermo-electric figure of merit, zT, for Ba2Si3P6 is 0.006 at 300 K (Figure S5). To improve the resistivity and thermopower to useful thermoelectric application levels, the doping of Ba2Si3P6 is required to adjust the carrier concentration and mobility.59 The thermal stability of Ba2Si3P6 was investigated using differential scanning calorimetry (DSC) (Figure S4) which shows that upon heating Ba2Si3P6 melts at 1318(3) K. Upon cooling there is an intense recrystallization peak with an on-set of 1284 K. After DSC measurements, PXRD confirmed that the recrystallized phase was indeed Ba2Si3P6. This holds certain promise that large single crystals of the title compound may be grown using the Bridgman technique, although substantial experimental efforts are required to verify this claim. The Bridgman method is suitable to grow cm-sized single crystals of phosphides with high P con-tent.57,60 Considering the electron balance from the point of view of covalent Si-P and P-P bonding, tetra-coordinated Si atoms in the polyanionic chain have 0 formal oxidation state as well as three-coordinated phosphorus atoms. Two coordi-nated phosphorus atoms have -1 formal oxidation state, leading to the electron balanced composition, (Ba2+)2(Si0)3(P0)2(P1–)4. Alternatively, a polar scheme can be considered where Si is treated as Si4+ and all electrons are transferred to the phosphorus polyanion. In such a case, P bonded only to Si atoms have formal oxidation states of -3, while P connected to one P atom has a formal oxidation state of -2. This consideration also leads to an electron-bal-anced composition, (Ba2+)2(Si4+)3(P2–)2(P3–)4. Electron local-ization function bonding analysis indicates that the first sce-nario with covalent Si-P interactions is correct (Figure 4) in agreement with experimental XPS results. Every Si atom forms four covalent bonds to P atoms (Figure 4B), while P atoms in addition to forming covalent Si-P and P-P bonds complete their octet tetrahedral coordination with electron lone pairs. In accordance with Zintl-Klemm electron count, three-bonded (3b) P atoms have one electron-lone pair, while two-bonded (2b) P atoms have two electron lone pairs (Figure 4A). ELF distribution around the Ba cations is almost spherical which is typical for non-directed electro-static interactions between Ba2+ and anions.44,61,62 To evalu-ate the relative strength of the interactions crystal orbital Hamilton population (COHP) analysis was applied (Figure S7). COHP plots show that Si-P is predominantly optimized with all of bonding states occupied and the majority of anti-bonding states remain empty (Figures S7b-d). The P-P 
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bonding is not completely optimized and substantial anti-bonding states at –0.5 eV are occupied (Figure S7a). The ICOHP values range from 2.98 eV/bond to 3.89 eV/bond for Si-P covalent interactions and 3.78 eV/bond for the P-P co-valent bonds. The shortest electrostatic Ba-P interactions of 3.19 Å are significantly weaker, 0.82 eV/bond. The per-formed bonding analysis confirms the proposed anisotropic chemical bonding in Ba2Si3P6. Along the chain propagation direction, [100], there is strong covalent bonding in the Si-P chains, while in the direction perpendicular to the chains, alternating stronger Si-P covalent and weaker Ba-P electro-static interactions occur.  
 
 
 
Figure 4. Electron localization function (ELF, η) analysis of chemical bonding in Ba2Si3P6: A) and B) 3D isosurfaces of ELF with η = 0.925 and η = 0.85; C) Coloring of the ELF distribu-tions for a slice of the crystal structure containing Ba atoms. Ba: cyan; Si: grey; P: red.  
The electronic structure of Ba2Si3P6 calculated using the TB-LMTO-ASA is shown in Figure 5. The conduction band is formed through near equal contribution from Ba, Si, and P, while the P 3p orbitals contributions dominate in the va-lence band. The partial density of states suggests that there is strong covalent bonding in the SiP4 chains because of the good mixing of Si and P orbitals, agreeing with the ELF re-sults. This result was also confirmed with a second calcula-tion method, VASP (Figure S8), which is in good agreement with the DOS calculated using LMTO. Further analysis of the DOS indicates band gaps of 1.57 eV (LMTO) and 1.42 eV (VASP). Considering that both methods generally underes-timate bandgaps, these calculations are in good agreement with the observed dark red color of Ba2Si3P6. The LMTO band structure indicates that Ba2Si3P6 is a pseudo-direct semiconductor because the direct bandgap at the Γ point is only 0.02 eV larger than the indirect one. Transport prop-erty measurements indicated n-type semiconducting prop-erties which is presumably due to the defect chemistry such as P-vacancies. 
 Figure 5. Density of states (top) and band structure (bottom) of Ba2Si3P6 (TB-LMTO-ASA). The Fermi level (Ef) is set to 0 eV. To confirm the calculated band gap, solid state UV/Vis dif-fuse reflectance was performed (Figure S9). Tauc plot anal-ysis of the UV/Vis data, shown in Figure 6, indicates Ba2Si3P6 has a direct band gap of 1.88(1) eV. This experimental result is in good agreement with our calculations and the red color of the compound. Due to the suitable band gap and non-
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centrosymmetric nature of Ba2Si3P6, this material could have potential nonlinear optical (NLO) applications for sec-ond harmonic generation. 
 
Figure 6. Direct band gap Tauc plot for solid state UV/Vis spec-trum of Ba2Si3P6. Second harmonic generation (SHG) measurements were performed by means of the Kurtz and Perry method.63 Ba2Si3P6 exhibits a good powder SHG response that is com-parable to that of benchmark AgGaS2 at particle sizes of 
55−88 μm utilizing a 2.09 μm laser source (Figure 7). Ba2Si3P6 shows better SHG performance (0.9×AgGaS2) than recently discovered MgSiAs2 (0.6×AgGaS2).27 Due to the nar-row optical bandgap (both from theory calculation and op-tical measurements) and long shortwave absorption edge 
(up to 1 μm), Ba2Si3P6 is expected to perform better in SHG under longer wavelength lasers, such as a carbon dioxide la-ser. For example, a similar situation for CdGeAs2 was also observed, which exhibits large NLO efficiency (236 pm/V) at a longer excitation wavelength.64 Thus, Ba2Si3P6 can also be considered a promising IR-NLO material with a suitable excitation source. 
 
Figure 7. Comparison of SHG intensity of Ba2Si3P6 and AgGaS2 at 55−88 μm particle size. The laser damage threshold (LDT) of Ba2Si3P6 was also measured by adjusting the laser output energy and observ-ing the color change using an optical microscope. Results 
show that Ba2Si3P6 exhibits a much higher LDT (48.5 MW/cm2) than that of AgGaS2 (29.6 MW/cm2) (Table 1), which is also higher than that of recently discovered MgSiAs2 (33.2 MW/cm2) as well as those of other typical IR-NLO materials such as AgGaSe2 and ZnGeP2.27,38,39,64,65 Re-cently reported MnSiP2 NLO material crystallizing in the chalcopyrite structure type also exhibits high LDT, although measured on a single crystal (70 MW/cm2), thus confirming that silicon-phosphides are a good platform for novel NLO materials.60 The promising SHG coefficient in addition to the high LDT make Ba2Si3P6 a promising candidate for IR-NLO applications. The growth of large high-quality single crys-tals of Ba2Si3P6 is underway. 
Table 1.  LDTs of Ba2Si3P6 and reference AgGaS2. 
Compound Damage  Energy (mJ) Spot Diame-ter (mm) LDT (MW/cm2) AgGaS2 0.58 0.5 29.6 Ba2Si3P6 0.94 0.5 48.5  
Conclusion Novel non-centrosymmetric alkaline-earth tetrel-pnic-tide, Ba2Si3P6 was discovered, synthesized, and character-ized. The unique crystal structure of this compound is built of 1D Si-P chains in which SiP4 tetrahedra are connected through corner sharing, edge sharing, as well as P-P bond-ing. The chains are separated by Ba2+ cations. This complex 1D chain structure with alternating covalent and ionic bonding demonstrates ultra-low thermal conductivity of 0.56 W m-1 K-1 at 300 K, comparable to the thermal conduc-tivity of the state-of-the-art thermoelectric materials. Ba2Si3P6 exhibits promising SHG and LDT results, outper-forming the current standard in IR-NLO materials, AgGaS2. These promising results stem from the strong covalent Si-P and P-P bonding in the 1D chains. This work further ex-pands the knowledge of non-centrosymmetric tetrel-pnic-tide compounds with possible nonlinear optic applications. 
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